Objective: To compare the localizations of different neural sources (a) obtained from intracerebral evoked responses and (b) calculated from surface auditory evoked ®eld responses recorded in the same subjects. Our aim was to evaluate the resolving power of a source localization method currently used in our laboratory, which is based on a recent spatio-temporal algorithm used in magneto-encephalography (MEG).
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Introduction
Different components of an auditory evoked potential (AEP) can be isolated and described as a function of latency, scalp topography, and the perceptual/cognitive process to which they are associated. Each component underlies a different aspect of auditory processing, beginning in the cochlea and terminating in the auditory cortex. The earliest components (,20 ms), corresponding to activity in the thalamo-cortical volley, are not reliably identi®able from the scalp. Several middle-latency potentials, however, can be identi®ed from the scalp: Na (or Nam in the MEG literature) at 19 ms, Pa (or Pam) at 30 ms, Nb (or Nbm) at 40 ms, and Pb or P1 (Pbm or P1m) at 50 ms. Neuromagnetic data show that, while the Pam component is consistently observed in normal subjects, the other 3 are less reliable, occurring more or less frequently according to the study Reite et al., 1988; Scherg et al., 1989; Pantev et al., 1990 Pantev et al., , 1993 Ma Èkela È et al., 1994 ). Pam's source has been localized in a region more anterior and more medial to that generating N1m (a large, robust late auditory evoked response peaking at 100 ms), suggesting that these components are generated in different regions of the auditory cortex. While P1, however, is thought to be generated in the primary auditory cortex (Huotilainen et al., 1998; Reite et al., 1988) , neuromagnetic techniques fail to provide much data on the underlying neural sources of this and other middle-latency components because of the small amplitude that these components often have. Their sources may be localized more reliably from intracerebral recordings using depth electrodes implanted in the auditory cortex for the pre-surgical evaluation of medically intractable epilepsy.
In order to accurately localize and delineate the epileptic zone in the epileptic subject, pre-surgical evaluation (stereoelectro-encephalography (SEEG)) requires the stereotaxic implantation of multiple depth electrodes (Bancaud et al., 1965) . Because the size and location of each cortectomy is different for each patient, it is important to have high spatiotemporal resolution of ictal and inter-ictal electrical activity. The superior temporal gyrus (STG) is a key structure in lateral and mesial±lateral temporal lobe epilepsy and is frequently evaluated intracerebrally (Bancaud and Talairach, 1992) . Situated in the STG, the auditory cortex consists of several different anatomical structures. It includes the transverse gyri of Hschl (the dorso-postero-medial part of which corresponds to the primary auditory cortex; the lateral part of which corresponds to the secondary areas (Lie Âgeois-Chauvel et al., 1991) ). The secondary areas continue caudally onto the planum temporale (PT) and extend ventrally above and slightly below the superior temporal sulcus.
Previous data suggest the existence of at least 7 middlelatency generators underlying their respective components at 13, 16, 30, 50, 60, 75 , and 100 ms. Their sources are localized in different regions along the Heschl's gyrus (HG) . N/P 16 and 30 originate from the most medial part of the primary cortex (i.e. the dorso-postero-medial part of the HG); N/P 50 (P1) is generated in the lateral part of the primary cortex; N/P 60 and 75 originate from the intermediate or lateral part of the HG (secondary cortex); and the N100 has at least two generators ± one in the lateral part of HG and one in the PT (Lie Âgeois-Chauvel et al., 1991 Âgeois-Chauvel et al., , 1994 . With respect to the generator of this latter component, much of the previous data has been discordant with some authors suggesting its localization in the primary auditory cortex (Pantev et al., 1994 , Huotilainen et al., 1998 .
Intracerebral recordings provide direct and accurate information on the localization of a component's generator. Scalp recordings, on the other hand, provide at best an estimate of a generator's localization, which must be calculated and which cannot be measured directly. Localizing these sources accurately requires the modeling of intracerebral sources and of the head, and the choice of the model affects spatial and temporal accuracy. While this presents a challenge for electroencephalography (EEG), magnetoencephalography (MEG) is a non-invasive technique, which offers better spatial resolution owing to highly sensitive captors and to the fact that it is less subject to interference from the skull than is EEG (Wikswo et al., 1993; Gevins, 1996) . Recently, we had the opportunity to record and study neuromagnetic scalp and intracerebral AEPs in the same patients, making a comparison between magnetic source localization and source localization using depth electrodes possible.
The aim of the present study was to compare intracerebral and scalp auditory evoked responses and their respective source localizations. Such an endeavor would help us better appreciate the resolving power of the spatio-temporal algorithm currently used for MEG in our laboratory and could ultimately help assess the localization capacity and utility of non-invasive techniques in clinical settings.
Methods

Subjects
Recordings were carried out in 4 right-handed adult patients (3 males; one female), aged 21±43 years, with medically intractable partial seizures. In no patient was the epileptogenic foyer localized in the STG. During each recording session, subjects were laid comfortably in a bed and were instructed to remain attentive. In 3 patients, the right hemisphere was explored; in one patient, the left hemisphere was explored.
All subjects gave informed consent for all of the examinations and investigations carried out.
Auditory stimulation
Sound stimuli were short tone bursts (with a total duration of 50 ms and rise and decay times of 3 ms) presented at 70 dB. Stimuli were presented at 3 different frequencies (500 Hz, 1, and 2 kHz) and were presented in the ear controlateral to the recording side at a rate of one per second. In one patient (Case 1), a click (with a total duration of 1 ms) was also presented. The same stimuli were used in each of the two (SEEG and MEG) recording sessions.
Anatomical description of depth electrode sites
Multilead electrodes (0.8 mm diameter, 5±15 contacts, 2 mm length, 1.5 mm apart) were introduced orthogonally through a double grid system fastened to a Talairach stereotaxic frame. The anatomical localization of each lead was based on a stereotaxic method described elsewhere (Talairach and Tournoux, 1988; Lie Âgeois-Chauvel et al., 1991) . Because of the oblique orientation of HG, a single electrode can run through (and thus be used to study) different auditory areas (medial and/or lateral parts of HG, and/or PT, and/or Area 22).
² In Case 1, an electrode with 9 leads was implanted: 3
were medial leads in the medial part of left HG; 5 were lateral leads in left PT; one was extra-cortical. ² In Case 2, an electrode with 5 leads was implanted: 4 in the lateral part of the right HG and one extra-cortical. ² In Case 3, electrode P had 15 leads: 7 in the right PT and 8 in the white matter between the cortex and the ventricle. ² In Case 4, an electrode with 5 leads was implanted in Area 22 (anterior to the HG) in the right hemisphere.
The anatomical structures studied in each case were identi®ed by visualizing the electrode tracks with stereotaxic magnetic resonance imaging (MRI), once the electrodes were removed (Fig. 1) .
Data acquisition 2.4.1. SEEG recording
Intracerebral AEPs were recorded from all contacts on all depth electrodes (referenced to an extra-dural lead) and were sampled, ampli®ed, and ®ltered (1 Hz±1.5 kHz) before storage. The duration of each epoch was 400 ms with a prestimulus time of 40 ms. One hundred trials were averaged for each sound.
For each component, the leads between which an inversion of polarity was observed (or, in certain cases, the lead at which amplitude was markedly greater than elsewhere) were identi®ed. These parameters indicate that the electrode has passed through the region generating a component (Schwartz, 1998) .
MEG recording
MEG recordings were carried out after removal of the depth electrodes and before cortical resection. Neuromagnetic measurements were taken with a 37-channel biomagnetometer (Magnese, Biomagnetic Technologies), in a magnetically and electromagnetically shielded room. The detector coils of the biomagnetometer were arranged in a circular concave array with a diameter of 144 mm and a spherical radius of 122 mm. The axis of the coils was perpendicular to the sphere. The diameter of each coil was 20 mm and the distance between the center of two adjacent coils was 22 mm. The total sensitivity was between 5 and 7 fT= Hz p . Captors were placed over the entrance points of each depth electrode, as near as possible to the subject's head. A sensor position indicator system (Polhemus Fast Track) determined the spatial locations of the captors relative to the head (with a precision of 0.8^0.07 mm). The duration of each epoch was 500 ms with a pre-stimulus time of 100 ms. Responses from each channel were ®ltered on-line between 1 and 400 Hz, and sampled at 1041 Hz. Five hundred trials were averaged for each stimulus and an automatic artifact rejection at a ®xed amplitude level was employed during averaging. The bandpass ®lter was set at 1±120 Hz.
The origin of the head frame coordinate system was the midpoint between the left and right pre-auricular points. The x-axis extended from the origin to the nasion and the z-axis extended from the origin to the top of the head such that it was perpendicular to the plane formed by the nasion and the pre-auricular points. The y-axis extended from the origin to the left side of the head such that it was perpendicular to the x-and z-axes.
A spatio-temporal (SPTF) method (described elsewhere, Schwartz et al., 1999) was used for the localization of sources. The SPTF algorithm applies principal component analysis (PCA) over a short, moving time window (generally 5 ms) to separate simultaneous asynchronous dipolar sources. A homogeneous sphere model was used to de®ne the head. The SPTF has been shown previously (Schwartz et al., 1996 (Schwartz et al., , 1999 to yield stable localizations and is relatively unin¯uenced by noise. The analysis window was shifted along the signal in steps of 1 ms. Only those dipoles with a correlation of greater than 98% between the estimated and calculated sources were taken into account. After MEG with MRI automatic registration, results were transposed onto MRIs obtained from each subject. This procedure was carried out by matching MRI segmented scalp surface with the digitized head using a three-dimensional (3D) tracker in the same reference system as was used for the positions of the MEG captors, with an estimated error of 2±3 mm (Schwartz et al., 1996) .
Results
Fig. 2 (top)
shows AEPs recorded in Case 1 from 9 consecutive leads along electrode H 0 in the medial part of left HG (3 leads (H 0 1±3)) and PT (5 leads (H 0 4±8)) in response to the click stimuli. Lead H 0 1 recorded short-latency evoked responses (N15/P20/N30) characteristic of responses from the primary auditory cortex, followed by middle-latency components (P45/N60) and a slow-wave peaking around 90 ms. The amplitudes of the early components were smaller on leads H 0 2 and H 0 3 and disappeared entirely on lead H 0 4 (i.e. in PT). The AEPs recorded in the PT re¯ected a large N35/P55/N80/P115 complex. A double polarity inversion of the 50 ms component was observed: the ®rst between leads H 0 1 and H 0 3 (indicating the presence of a generator in the cortical region between these leads), and the second between the third and fourth leads, where the electrode ran between HG and PT. A shift in latency and less focal responses were seen along the leads implanted in the PT (H 0 4±H 0 8). The generator of the 80 ms component was also identi®ed by the polarity inversion observed between HG and PT.
These results were compared with the MEG data obtained from the same patient (Case 1). Fig. 2 (bottom) shows a superposition of the 37 responses to click stimuli. No identi®able components before 30 ms were observed. Polarity inversions of the middle-latency components (30, 57, and 76 ms), as well as a slow-wave peaking at 110 ms can be observed. Fig. 3 shows source localizations for these middle-latency components on the MRI slices of the position of the 30 ms component, compared to the position of the electrode. The projection of the 57 ms component on the 3 slices and of the 76 ms component on the axial slice are represented by dotted marks because they were not localized on these slices.
Generators of the 30 ms Pa component were found along the dorso-postero-medial part of the HG, close to the medial leads of electrode H 0 . The source of the 57 ms component (P1) was localized between the sources of the 30 and 76 ms components. The 76 ms component was generated between the intermediate and lateral parts of HG, close to the lateral leads of electrode H 0 , while the source of N1 (110 ms) was localized in the lateral part of the HG, posterior and lateral to the generator of the 76 ms component (not shown) (Fig.  3) . Responses recorded in Case 3 from the 7 lateral-most leads in PT (the 8 medial leads located in the white matter are not shown) are displayed in Fig. 4 . P1 (45 ms) was recorded from leads P11 to P14 but no polarity inversion indicating the presence of a generator in the regions investigated was observed. Responses recorded from PT (Case 3) were of greater amplitude (N70-80/P120) and of different polarity than those recorded from the HG. In Area 22 (Case 4), volume-conducted responses were recorded from a wider region of Area 22. No reversal of polarity or amplitude gradient along the different leads was observed. Latencies correspond to those recorded from the HG.
Averaged MEG responses are shown in Fig. 4 (bottom) for the same 3 patients with the same stimuli (tone burst, 1 kHz). Captor positions were different for each patient because captors were ®xed near electrode entrance points. Two components were consistently identi®ed from MEG recordings: Pam (35, 34, and 30 ms) and N1 (81, 80, and 84 ms); N1 was made up of a main N1a component (70±84 ms), followed 10±40 ms later by a smaller component with a polarity reversal. This second component is most notable in Case 4. This component had a latency of 120 ms (MEG) and 110 ms (SEEG) and could correspond to N1c. In Case 2, it had a latency of 104 ms (MEG, pointed by arrow) and would correspond to N1b. No SEEG equivalent to N1b was observed.
In Cases 2 and 3 (MEG data), N1 was followed by waves peaking at 163 and 150 ms (N200). In Case 4, the 208 ms component (SEEG) was not observed from the MEG data. No components before 30 ms were identi®able or localizable from the MEG data.
The dipole localizations of the N1 components identi®ed are represented in Fig. 5 . Using a spatio-temporal algorithm, dipoles with the best correlation between estimated and calculated sources (.98%) do not always correspond to the peaks. In Case 2, N1m (81 ms) was localized in the intermediate part of HG (i.e. Area 42). In Cases 3 and 4, dipoles corresponding to components with latencies of 80 Fig. 2 . Comparison of auditory evoked responses recorded from a depth electrode (top) and using MEG (bottom) in Case 1. Top, auditory response evoked by a click stimulation recorded on each lead of electrode H 0 exploring from the left auditory cortex. The most medial lead is the ®rst one and the most lateral one is the ninth. Note the difference in morphology and amplitude of responses recorded between (i) lead 1 and leads 2±3, and (ii) between these latter ones and leads 4±8, showing that the electrode passes through different auditory areas. Negative polarity is up. Bottom, superposition of the 37 waveforms recorded by MEG over the temporal lobe from the same subject and the latencies of peaks 30, 57, 76, and 110 ms. and 84 ms, respectively were localized more laterally, in the lateral part of the HG. Table 1 summarizes the different components obtained using each of the two techniques with tone bursts and clicks as stimuli. Nb was observed with the MEG data of Case 2 only and was localized in the medial part of the HG (not represented in this table). The N60/70 component was observed in the SEEG data and is represented with N1, as previously described (Na Èa Èta Ènen and Picton, 1987) . Component latencies were similar between both techniques. Small differences in latency may be explicable by the fact that recordings were not performed at the same time. Table 1 shows that P1 was observed more often with SEEG than with MEG.
SEEG and MEG localized generators in the same regions in all cases except for the generator of P2 in one patient (case 3, 500 Hz). The Pa generator was localized with both techniques in the medial and intermediate parts of the HG in the primary auditory cortex. P1 was localized in the intermediate part of the HG between the primary and secondary auditory cortices, and, in one case, in the lateral part of the HG. Different sub-components of N1 could be recorded. N60/70 was localized from the SEEG data in the intermediate part of the HG. N1a was most often localized in the intermediate part of the HG, but was also localized (in Case 3 (1 kHz) and Case 4 (0.5±1 kHz)) in the lateral part of this structure, and in Area 22 (in Case 2 (0.5 kHz)). N1b was localized in the secondary auditory cortex ± most often in the lateral part of the HG, and also in Area 22 in the case of one patient (Case 2 (2 kHz)). N1c was also localized in the lateral part of the HG. The late P2 component was localized from the SEEG data in PT (for two patients) and in Area 22 (in one patient) in the secondary auditory cortex. It should be noted, however, that the generators of only a few components could be localized, due to the high sensitivity of electrode leads which only record activity from generators in close proximity to the electrode.
Discussion
The localization of generators from the SEEG data yielded similar results to those cited previously (Lie Âgeois-Chauvel et al., 1994) . In Case 1 (using click stimuli), most of the middle-latency potentials (13±50 ms post-stimulus onset) previously recorded in the primary auditory cortex (Lie Âgeois-Chauvel et al., 1991 Âgeois-Chauvel et al., , 1994 were observed. These responses show a polarity inversion compared to EEG surface responses (Streletz et al., 1977; O È zdamar and Kraus, 1983; Cacace et al., 1990 ) (i.e. N15 corresponds to P0, P20 to Na, N30 to Pa, and P/N50 to P1). Of these components, however, only Pa was observed using MEG. Early components (with the exception of Pa) are more dif®-cult to observe using MEG than using EEG. These ®ndings are consistent with data obtained previously (Deiber et al., 1988) . In fact, in none of the 4 cases studied here were components with latencies earlier than 30 ms observed for any of the auditory stimuli used. Pantev et al. (1995) have suggested that tone bursts with relatively long durations (i.e. 50 ms) do not have a strong enough synchronization effect to reliably elicit waves earlier than the Pa component. In Case 1 of our study, however, no early components were recorded with click stimuli either. The generators of very early components (N13/P16 (i.e. P0, Na)) are localized at the tip of the HG (Lie Âgeois-Chauvel et al., 1991), however, and it is likely that MEG is not a sensitive enough measure to detect such deep sources. To our knowledge, the two studies to observe an early component (N19) using MEG with click stimuli are those of Scherg et al. (1989) and Yoshiura et al. (1996) , who obtained their data using averages of 1600 and 4000 epochs, respectively.
While the Nbm component was observed using MEG (in Case 2), it was not consistently discernible. This observation has been reported previously (Pantev et al., 1993 (Pantev et al., , 1995 Ma Èkela È et al., 1994) . In one patient, source localization from the MEG data and anatomical localization of generators from the SEEG data converged for this component, suggesting a localization in the medial part of the HG in a region overlapping the generator of the 30 ms component.
P1m was observed from the MEG data in 3 patients, but in only one stimulation in each patient, and was localized in the lateral part of the primary cortex (intermediate part of HG), corresponding to the localization found intracerebrally in Case 1. Several MEG studies have reported that P1m is not consistently observed in all conditions. Ma Èkela È et al. (1994) studied the distribution of middle-latency evoked ®elds using a whole head system. These authors showed that P1m was recorded more often from the hemisphere ipsilateral to stimulation (10 out of 14 hemispheres), than from the controlateral hemisphere (4 out of 14 hemispheres). They suggested that this could be due to the P1m component being`cancelled out' by the N1m component, which has an inverse polarity. Indeed, N1m has a greater amplitude and an earlier latency when stimuli are presented controlaterally and generates a magnetic ®eld largely overlapping that of P1m, which, as a result, is dif®-cult to isolate. Nevertheless, some authors have recorded P1m from both hemispheres (Farrell et al., 1980; Pelizonne et al., 1987; Reite et al., 1988) , sometimes with an earlier latency in the right than in the left hemisphere (Huotilainen et al., 1998) . The presence of this wave seems to be highly dependent on the frequency stimulus (Arthur et al., 1987) and the number of trials (Pantev et al., 1991) .
Contrary to some previous ®ndings (Reite et al., 1988) but consistent with others (Ma Èkela È et al., 1994; Arthur et al., 1987) , the present study found the source of P1m to be localized in the intermediate part of the HG. Two bilateral contiguous sources ± one radial and the other tangential ± could generate the surface P1 response, as has been described for N1 (Scherg and Von Cramon, 1985) . In light of the orientation and inter-subject anatomical variation of HG, the tangential component may be very dif®cult to record in certain subjects. Liu et al. (1998) explained the weak amplitude of P1m as a result of the averaging of potentials with different polarities. In totality, spatially distinct sources for P1m and N1m were obtained from the MEG data. In cases where generators were localized using both techniques (such as in the case of the N1 generator), results show a strong spatio-temporal relationship between SEEG recordings and MEG dipoles localized using the SPTF algorithm. N1 generators are easily localizable from MEG recordings (Pantev et al., 1990; Hari, 1990) . For the most part, this component has a tangential orientation, which is detected well by MEG captors. Several overlapping sources for components between 70 and 150 ms are thought to make up the N1 component, such as N1a (75 ms), N1b (102 ms), and N1c (120 ms) (see Na Èa Èta Ènen and Picton (1987) for a review). Evaluation of the intracerebral data and magnetic dipole analysis showed the existence of these generators in the auditory cortex. The localization of the N1 generator in the lateral part of the HG is consistent with our previous ®ndings (Lie Âgeois-Chauvel et al., 1994) , suggesting that two generators underlie the N1b and N1c components, one in the lateral part of the HG and the other in PT. The N1a component observed from the scalp recordings may be generated from the intermediate part of the HG. The N60/70 component was only observed from the SEEG data. This component has been previously described as the intracerebral equivalent to N1a (Na Èa Èta Ènen and Picton, 1987), but its latency is earlier than that of N1a. This component was localized in a medial region of HG, and is easily recorded from intracerebral electrodes. In surface recordings, this component probably corresponds to the beginning of the main N1 component and does not appear as a separate wave. No generator was found intracerebrally in Area 22 for N1. It is dif®cult, however, to compare source localizations for N1m calculated from the MEG data with the localization of generators obtained intracerebrally, because N1m was observed only in Cases 2±4 and the implanted electrodes were positioned at a distance from the generator. Nevertheless, in Case 1, N1a and N1b were observed from SEEG recordings and were localized in the intermediate and lateral parts of the HG, respectively. The localization of N1a dipoles on the patient's MRI con®rmed its origin in the intermediate part of the HG.
The generators of components with latencies longer than 110 ms were localized either in Area 22 anterior to the HG (which was probably not observed intracerebrally because of sampling bias) or in PT. Indeed, Reite et al. (1994) suggested the presence of two distinct generators of N1m ± one in the lateral part of HG and one immediately anterior to HG. Zouridakis et al. (1990) presented evidence suggesting that the entire duration of the N1m component could be accounted for by a dynamic process involving the successive excitation of adjacent cortical sources along the anterior±posterior axis of the auditory cortices. This excitation of cortical sources may also take place along the medial±lateral axis. P2 generators were localized in PT and/or in Area 22. The localization in PT was found using both techniques, while the localization in Area 22 was found from only the MEG data. We found a different localization of the different sources of N1, which were generated from HG. In Case 3, however, the localization of P2 was different according to the technique used. The high amplitude of P2 observed intracerebrally in PT (i.e. 150 mV, which is twice the amplitude found in HG) is suggestive of the presence of a generator in this structure (Schwartz, 1998) . Based on the MEG data, however, this component appeared to be localized in Area 22. The latter ®ndings are consistent with previous neuromagnetic ®ndings suggesting that the cortical source of the P2m response resides approximately from 9 to 10 mm anterior and 5 mm medial to that underlying N1m Joutsiniemi et al., 1989) . It seems probable that several sources underlie P2, one in PT that overlaps the N1's source (making its detection dif®cult) and another in Area 22.
The comparison of SEEG and MEG data was useful in the evaluation of the source localization method currently used in our laboratory and helpful in the creation of solutions to the inverse problem. Given the similarity of localizations obtained using data from both these techniques, one may conclude that the spatio-temporal localization algorithm used in this study is fairly accurate in the detection of sources in HG, PT, and Area 22. Moreover, it was possible to clearly distinguish the sources of P1 and N1 and of N1a and N1b.
To conclude, the study of intracerebral evoked potentials allows for an accurate localization of generators, but only when the latter are localized in regions near the recording leads. The disadvantage of such a method, then, is that an evaluation of all auditory loci (HG, PT, and Area 22) requires intracerebral data from many patients in whom only one auditory structure is generally studied. On the other hand, such a technique is extremely accurate in the localization of the generators of different components, as shown previously (Lie Âgeois-Chauvel et al., 1991 . The localization of generators from the activity recorded from the scalp (i.e. EEG or MEG activity) is less accurate, especially when these generators are in close proximity to one another. The advantage of the latter method is that they give a more global view of the brain activity. The present results illustrate the complementarity of both techniques, with intracerebral recordings allowing for the validation of and a better interpretation of surface recordings.
